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In this paper, we show predictions from a new QGP-free, no-equilibration, improved baseline
model for heavy-ion collisions. It is comprised of the PYTHIA/Angantyr event generator coupled
to UrQMD, as a hadronic cascade simulator, and compared to ALICE and CMS data from Pb-Pb
collisions at
√
sNN = 2.76 TeV. This coupling is made possible due to a new implementation of
the hadron vertex model in PYTHIA/Angantyr. Hadronic rescattering in UrQMD is shown to lead
to a significant suppression of mid- to high-p⊥ particle yields that is qualitatively consistent with
measurements of nuclear modification factors. We further study the effect of hadronic rescatterings
on high-p⊥ particles by using two-particle correlations and show that some suppression of away-side
jets occurs in the hadronic phase even without any partonic energy loss. Finally, the decorrelation
of dijet structures at high momenta also leads to a reduction of the elliptic flow coefficient v2{2}.
These findings suggest that significant jet-quenching-like effects may still originate in the hadronic, as
opposed to the partonic phase and prove that the usual Pb-Pb baseline, composed of a superposition
of incoherent pp collisions, ignores coherent phenomena that are not strictly related to the QGP
but may still be highly relevant.
The ultra-relativistic heavy ion (AA) collisions,
measured at the LHC and RHIC experiments, pro-
duce the hottest, densest state of matter available
in a laboratory. Such collisions are expected to
lead to a deconfined state of quarks and gluons, de-
noted the Quark–Gluon Plasma (QGP) [1–4]. Sev-
eral signatures of this phase of matter have been
found in AA collisions. Notably, the yields of high-
p⊥ particles are suppressed with respect to expec-
tations from scaled proton–proton (pp) collisions
[5], away-side jets are suppressed in central AA
collisions [6, 7] and particles are emitted anisotrop-
ically in azimuth because of collective flow devel-
oped during the system evolution [8].
Recently, effects normally associated with the
formation of a QGP phase, such as multi-particle
flow [9] and enhanced strangeness production [10],
were also observed in pp collisions. The discov-
ery that the demarcation between QGP-producing
and no-QGP-producing collision systems is not as
clear as previously thought, should naturally lead
to questions regarding the no-QGP baseline used in
jet quenching searches in AA collisions. Not only
is it unclear that a given pp collision can be taken
as a pure baseline result, it is also unclear that
an AA collision can be taken as a simple super-
position of pp collisions, even without considering
QGP effects. It has recently been shown by the
ALICE experiment [11] that the charged-particle
multiplicity in very central AA collisions breaks
the scaling with number of participating nucleons.
Furthermore, a correct description of basic quanti-
ties must take into account effects not arising from
the QGP phase, but rather from nuclear shadowing
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or diffractive contributions. Additionally, it is well
known that, compared to pp collisions, the large
geometry of an AA collision also potentially allows
hadronic rescattering effects to affect relative pro-
duction rates and kinematics [12], another effect
in AA collisions not linked to QGP production.
In this work, we present an improved, QGP-free
baseline for heavy-ion collisions to replace the tra-
ditional incoherent superposition of pp collisions.
This effort is crucially important to disentangle ef-
fects that are exclusively due to the QGP. Special
emphasis will be given to the mid- to high p⊥ re-
gion above p⊥ > 4 GeV/c.
In the traditional heavy-ion picture, high-p⊥
particles will be sensitive to partonic energy loss
while traversing the QGP and a modification of
the high-p⊥ yield in AA collisions compared to pp
is generally taken as a sign of a QGP phase. This
is quantified by the nuclear modification factor:
RAA =
d2Nch/dp⊥dy
∣∣
AA
Ncoll d2Nch/dp⊥dy|pp
, (1)
where y is the rapidity and Ncoll is a scaling factor
corresponding to the number of binary nucleon–
nucleon collisions calculated using the Glauber
model [13, 14].
The standard picture of high-p⊥ modification
can be phrased in terms of the QGP transport
coefficient, which denotes the broadening of the
transverse momentum distribution per unit length
qˆ = 〈p2⊥〉L/L. According to a selection of the
models implemented in the JETSCAPE genera-
tor framework [15], a high virtuality Q2  √qˆE
(where E is the parton energy) parton will undergo
a medium-modified DGLAP evolution [16] and at
lower Q2 the shower modifications can be calcu-
lated by transport theory [17, 18]. The JEWEL
approach [19] treats high to intermediate virtuality
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2by a combination of partonic rescattering and the
Landau-Pomeranchuk-Migdal effect [20]. In both
cases the relevant degrees of freedom are partonic.
Dynamical models based on perturbative QCD
coupled to either string or cluster hadronization
[21, 22] have worked very well to describe most
features of e+e−, ep and pp collisions. Such mod-
els are implemented in so-called General Purpose
Monte Carlo event generators, of which PYTHIA
8.2 [23], HERWIG 7 [24] or SHERPA [25] are promi-
nent examples. The PYTHIA model for multi-
parton interactions (MPIs) [26] has recently been
extended to heavy ion collisions, and the resulting
PYTHIA/Angantyr [27, 28] is a QGP-free simula-
tion of heavy ion collisions that includes the con-
tributions mentioned above. For the final state
hadronic interactions, quantum molecular dynam-
ics models such as UrQMD [12, 29] and more re-
cently SMASH [30] have worked very well in hy-
brid approaches together with hydrodynamics for
modelling QGP created in heavy ion collisions [31],
in air-shower simulations [32] as well as detector
simulations [33]. In this paper we present a hy-
brid approach linking PYTHIA/Angantyr+UrQMD
to model a realistic, QGP free final state of a heavy
ion collision.
I. MODEL SETUP
The PYTHIA/Angantyr+UrQMD hybrid model is
outlined in Fig. 1. On the right side of the fig-
ure, the standard view on a heavy ion collision is
sketched. Importantly, this includes the formation
of a strongly coupled, nearly thermal QGP phase.
This phase can be described by relativistic hydro-
dynamics [34], and is observed to “quench” jets by
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Figure 1. Schematic representation of the modeling of
a heavy-ion collision using the usual approach (right
side of the figure) and the PYTHIA/Angantyr+UrQMD
no-QGP baseline method (left side of the figure).
comparing the single particle yields at high p⊥ to
that of pp collisions. The alternative, QGP free,
description is sketched on the left side of Fig. 1.
Instead of assuming the formation of a QGP, that
part of the evolution is carried out using just the
PYTHIA/Angantyr model, which will be presented
below. The right and left sides of Fig. 1 share the
final phase of the evolution, consisting of hadronic
interactions.
The PYTHIA model for MPIs
In a pp collision, MPIs are generated under the
assumption that different partonic interactions are
almost independent[35]. As such, MPIs are se-
lected according to the 2→ 2 perturbative parton–
parton cross section:
dσ2→2
dp2⊥
∝ α
2
s(p
2
⊥)
p4⊥
→ α
2
s(p
2
⊥ + p
2
⊥0)
(p2⊥ + p
2
⊥0)2
. (2)
Since the cross section diverges like 1/p4⊥, it is reg-
ularised using a parameter p⊥0. This value can be
interpreted as being proportional to the inverse of
a maximal (colour) screening length of a proton.
MPIs are interleaved [36] with the initial state and
final state parton showers (ISR and FSR, where
‘R’ stands for radiation), which are also ordered in
p⊥. This implies that MPIs, ISR and FSR obey a
combined evolution equation that determines the
p⊥ of the next step in the evolution, whether that
is the generation of a new MPI, and ISR or an FSR
emission.
The final step before hadronization concerns
color reconnection of partonic systems. The idea
originates in the notion that having many MPIs
leads to many color strings, which moving from
the Nc → ∞ limit to Nc = 3, can be connected
in many different ways. Since nature is expected
to favour configurations with the lowest potential
energy – and thus the smallest total string length
– this is the guiding principle for present models.
The current default model for color reconnection,
the one used in this paper, gives each MPI system
a probability to reconnect with a harder system
which is:
P = p
2
⊥Rec
p2⊥Rec + p
2
⊥
, p⊥Rec = R× p⊥0, (3)
where R is a tunable parameter, and p⊥0 is the
same parameter as in Eq. (2). This makes it easier
to connect low-p⊥ systems with high p⊥ ones, es-
sentially making high-p⊥ systems “sweep up” some
of the low-p⊥ ones.
PYTHIA/Angantyr for heavy ion collisions
In a heavy ion collision, each (projectile) nucleon
can interact with several (target) nucleons. The
3amount of interacting nucleons can be determined
by a Glauber model, to which PYTHIA/Angantyr
makes several additions. Most importantly, for this
paper, there is a distinction between different types
of nucleon–nucleon interactions: elastic, diffractive
and absorptive (ie. inelastic, non-diffractive) sub-
collisions. In PYTHIA/Angantyr this is done by
parametrizing the nucleon–nucleon elastic ampli-
tude in impact parameter space (T (~b)), and its
fluctuations. Details of the parametrization can be
studied in ref. [28], but crucially, it allows for a)
determination of all parameters from fits to semi-
inclusive pp cross sections, and b) calculation of
the amplitude Tkl(b) for any combination of pro-
jectile state k and target state l. Once it is deter-
mined which nucleons may interact and their type
of interaction, it is then determined if they will in-
teract, and, for absorptive sub-collisions, if the in-
teraction will be considered primary or secondary.
This final distinction is based on the wounded nu-
cleon model [37], according to which a wounded
nucleon in a pA or AA collision contributes to the
final state multiplicity as:
dNch
dη
= wpF (η) + wtF (−η), (4)
where wi denotes the number of wounded nu-
cleons in projectile and target respectively, and
F (η) is a single-nucleon emission function (of
pseudo-rapidity). For a pp collision wp = wt =
1. A proton–deuteron collision, with all nucle-
ons wounded, will thus reduce to a pp collision,
plus an additional wounded nucleon contributing
only on the deuteron side. In the language of
PYTHIA/Angantyr: one primary absorptive colli-
sion and one secondary absorptive collision. The
primary collision is modelled as a normal in-
elastic, non-diffractive collision, whereas the sec-
ondary absorptive one is treated with inspiration
from the Fritiof model [38]. In Fritiof, a sin-
gle string with a mass distribution ∝ dM2/M2,
similar to diffractive excitation, was used. In
PYTHIA/Angantyr such sub-systems are allowed
to have MPIs in secondary collisions, following
the interleaved MPI/shower prescription described
above. This procedure can be generalized to an ar-
bitrary AA collision. In PYTHIA/Angantyr this is
done by first ordering all possible interaction in
increasing local impact parameter. Going from
smallest to largest impact parameter, an interac-
tion is labelled primary if neither of the partic-
ipating nucleons have participated in a previous
interaction and secondary otherwise.
On the conceptual level, there are some
differences between pp events generated with
the PYTHIA 8.2 MPI model and pA or AA
events generated with the PYTHIA/Angantyr
model. Most importantly, color reconnection is in
PYTHIA/Angantyr only applied at the level of in-
dividual nucleon–nucleon collisions. As seen from
Eq. (3), the current color reconnection model in-
cludes no dependence on impact parameter, but
has instead the implicit assumption that a soft
MPI will have a large spatial spread, and thus be
easier to reconnect. While this may be reasonable
for a pp collision where everything is confined to
the transverse size of a single nucleon, it is inap-
propriate for heavy ion collisions. In that case,
possible reconnections across separate nucleon–
nucleon interactions are therefore neglected alto-
gether. Other more recent developments in string
models, such as color ropes [39] and string shoving
[40], are also not considered in this work. While
both effects would be interesting to study with the
scope of constructing a full, microscopic alternative
to the QGP, the goal here is rather to demonstrate
the behaviour of heavy ion collisions considering
no parton level QGP-like interactions. Further-
more the concept of interleaved evolution is also
only followed for individual nucleon–nucleon colli-
sions, and not the full AA collision.
Hadron production vertices
After construction of a parton-level event, as
outlined above, the color reconnected strings
hadronize. This is done using the Lund string
hadronization model [21, 41–43], as implemented
in PYTHIA 8.2. A string represents the gluonic flux
tube stretched between a quark–anti-quark pair.
At distances larger than ≈ 1 fm, the confinement
potential is linear V (r) = κr, with the string ten-
sion κ ≈ 1 GeV/fm, cf. lattice calculations [44].
As the string grows, energy is transferred from
endpoint momenta to potential energy until the
string breaks into hadrons [45]. A crucial feature
of the Lund model is that the string hadroniza-
tion time, in the string rest frame, can be calcu-
lated. This time signifies directly the end of the
pre-hadronic phase, and start of the hadronic cas-
cade. The hadronization time follows a Gamma
distribution with the average:
〈τ2〉 = 1 + a
bκ2
. (5)
The two parameters a and b also enters the Lund
symmetric fragmentation function, which deter-
mines the longitudinal momentum fraction taken
away from the string by each hadron. As such,
they are strongly correlated with total charged
multiplicity and momentum fraction, and can be
fitted to e+e− collider data. The standard values
[46] gives 〈τ2〉 ≈ 2 fm/c. In order to couple the
output from PYTHIA/Angantyr to UrQMD, space–
time information of hadron production vertices is
necessary. It was recently shown [47] that pro-
duction vertices of even complicated multi-parton
systems can be extracted in the Lund model and
implemented in PYTHIA 8.2. The key component
of this translation comes from noting that the lin-
ear confinement potential gives rise to a linear rela-
4tionship between space-time and momentum quan-
tities. The space-time location of a string breakup
vertex on a simple qq¯ string can therefore be de-
fined as:
v =
x+p+ + x−p−
κ
, (6)
where p± are the q and q¯ four-momenta, and
x± are (normalized) light-cone coordinates of the
break-up point. The production vertex of the
hadron is then taken to be the average of the
two break-up vertices producing it. It should be
stressed that this simple explanation of a qq¯ sys-
tem does not give justice to the many complica-
tions arising from treatment of multi-parton ge-
ometries, gluon loops, massive quarks or junction
topologies, but the reader is referred to ref. [47]
for details about complicated systems.
The application to PYTHIA/Angantyr is
straightforward. In each nucleon–nucleon colli-
sion, each MPI parton is assigned a primordial
vertex randomly from the overlap of two 2D Gaus-
sian distributions (the nucleon mass distribution),
and each nucleon assigned an overall position
in the event according to the initial Glauber
simulation.
Coupling to UrQMD
Immediately after hadronization, 99.8% of all
particles are propagated using UrQMD 3.4 and may
interact elastically and inelastically or decay if un-
stable, while the remaining 0.2% are treated sepa-
rately due to technical limitations. Since hadrons
containing charm quarks, which correspond to ap-
proximately 0.2% of all produced particles, are not
adequately treated by UrQMD, these particles are
exceptionally decayed by PYTHIA and only their
decay products are used in the hadronic cascade
simulation. Photons and leptons make up 0.01%
of all particles produced by PYTHIA/Angantyr
and are discarded prior to the simulation of the
hadronic phase as they would not be recognized or
not interact in UrQMD.
A notable difference in this coupling, com-
pared to the usual application of UrQMD with
hydrodynamics-based event generators, is that the
latter evolve the system by O(10 fm/c), while
PYTHIA/Angantyr provides a significant fraction of
final hadrons already after 1-2 fm/c after the ini-
tial hard scatterings even in central collisions, as
can be seen in Fig. 2. Another significant distinc-
tion is that, while hydrodynamics-based simulation
chains produce hadrons at a particlization surface,
PYTHIA/Angantyr provides a position distribution
over a three-dimensional volume and considers jet-
like physical correlations between space and time
that are not taken into account in hydro-based
models. Remarkably, in this model, small-p⊥
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Figure 3. Transverse radius R distribution of hadrons
created by PYTHIA/Angantyr in 0-5% central Pb-Pb
collisions at 2.76 TeV for various transverse momentum
ranges.
hadrons are all created at low radii in central Pb-
Pb collisions, high-p⊥ hadrons will have their pro-
duction vertices offset from the nucleon–nucleon
collision, as can be seen in Fig. 3. Ultimately, all
these effects lead to an average hadron density in
PYTHIA/Angantyr that is approximately 2-3 times
larger than the one observed in hydrodynamic sim-
ulations and the resulting hadronic phase lasts sig-
nificantly longer, as can be seen in the hadron in-
teraction time distribution in Fig. 2. Therefore,
the effects of hadronic interactions may be more
significant in the PYTHIA/Angantyr+UrQMD sim-
ulation chain compared to hydrodynamics-based
models.
In order to study simulated events as a func-
tion of collision centrality, a number of different
options, such as selecting on impact parameter
or charged-particle multiplicity in different rapid-
ity ranges, were considered. These options are
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Figure 4. Charged-particle multiplicity density as a
function of centrality in Pb-Pb collisions at 2.76 TeV
from PYTHIA/Angantyr+UrQMD simulations with and
without hadronic scattering compared to ALICE data
[48].
found to be largely consistent within 0-70% cen-
trality. The analysis is performed with centrality
estimated using charged-particle multiplicities cal-
culated for the rapidity range −3.7 < η < −1.7
and 2.8 < η < 5.1, corresponding to the accep-
tance of the V0M detector of the ALICE experi-
ment and therefore matching what is done in real
data analysis. All results presented in what fol-
lows were produced using a sample of 107 Pb-Pb
collisions at
√
sNN = 2.76 TeV generated with the
PYTHIA/Angantyr+UrQMD simulation chain.
II. RESULTS
The charged-particle multiplicity density ob-
tained with the full PYTHIA/Angantyr+UrQMD
simulation is within approximately 20% of the cor-
responding ALICE measurements [48], as shown
in Fig. 4. In order to isolate the effect coming
from hadronic scattering, the simulation is also re-
run with interactions disabled, leading to no more
than a 2-3% difference in charged-particle multi-
plicity densities and therefore no significant change
in how simulations compare to data.
A. Particle spectra and RAA
The effect of the hadronic phase can be further
characterized by calculating the p⊥ distributions
of identified particle spectra, shown in Fig. 5 for
various centrality classes.
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The effect of hadronic interactions can be quan-
tified by calculating the ratio of the p⊥ distribu-
tions obtained with and without scatterings, as
seen in Fig. 6. While yields are modified by no
more than 10-15% below 2 GeV/c, the effect is
more pronounced at mid- to high-p⊥, with a max-
imum suppression of 60% taking place at approxi-
mately 5 GeV/c for 0-10% collisions. The suppres-
sion due to hadronic interactions becomes progres-
sively smaller for higher p⊥, and more peripheral
collisions.
The results seen in Fig. 6 are reminiscent of the
suppression of high-p⊥ particles seen in the nu-
clear modification factor RAA. To calculate the
RAA from the PYTHIA/Angantyr+UrQMD model,
pp collisions were generated using the exact same
settings and simulation chain and the average num-
ber of binary collisions Ncoll is assumed to be the
one calculated by the ALICE Collaboration using
the Glauber model [50]. The simulated RAA with
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Figure 7. Nuclear modification factor (RAA in mid-
central and central collisions in Pb-Pb at
√
sNN =
2.76 TeV in PYTHIA/Angantyr+UrQMD with and with-
out hadronic interactions compared to data from the
ALICE experiment [49].
and without hadronic interactions can be seen in
Fig. 7 for Pb-Pb at
√
sNN = 2.76, respectively,
for two selected centrality classes. With interac-
tions disabled, the model overestimates the RAA
at mid-p⊥, from 4 GeV/c to 10 GeV/c for periph-
eral collisions and 4 GeV/c to 20 GeV/c for the
most central collisions. When hadronic interac-
tions are enabled, there is a further suppression of
RAA in these p⊥ regions, improving the agreement
of our simulation with the observed experimental
data in the p⊥ range. At higher momenta, how-
ever, PYTHIA/Angantyr+UrQMD fails to describe
the data, underpredicting the RAA significantly.
This is due to PYTHIA/Angantyr+UrQMD being
based on the wounded nucleon model, and thus
have no concept of Ncoll scaling built in. From
basic factorization arguments, it is clear that at
some scale p⊥,sep, Ncoll scaling is expected. The
numerical value of this separation scale between
the hard and the soft component can, however,
not be inferred directly. In the seminal paper by
Eskola et al. [51], a value of p⊥,sep = 2 GeV/c
was used, while other contemporary approaches,
such as Fritiof [38] or by Ranft [52], would place
the value higher, in line with the results shown in
this paper. The significance of the results shown
in Fig. 7 can thus be interpreted differently, de-
pending on one’s choice of p⊥,sep. If p⊥,sep is as
small as 2 GeV/c, the PYTHIA/Angantyr+UrQMD
baseline is wrong down to that value. Regardless
of the baseline, Fig. 7 shows that a hadronic cas-
cade can significantly impact RAA with up to 50%,
but the agreement between simulation and data
up to around p⊥ = 15 GeV/c is, with this choice
of p⊥,sep, merely co-incidental[53]. On the other
hand, if p⊥,sep is higher, and the hard component
starts taking over at values as high as p⊥ ' 15−20
GeV/c, the result in Fig. 7 suggests that no QGP
modification of high-p⊥ partons is necessary to de-
scribe RAA up to around that value, and that RAA
is therefore not a good observable to study medium
modifications in the intermediate p⊥ range.
B. Two-particle correlation study
To further understand the nature of the high-p⊥
yield suppression, we performed two-particle corre-
lation (2PC) studies using a high-p⊥ trigger range
of 6 to 8 GeV/c and an associated trigger range of
4 to 6 GeV/c, corresponding to the region of max-
imum suppression observed in Fig. 6. The correla-
tion function C(∆φ,∆η) is calculated for particles
within |η| < 2.5 and is defined as
Cfull(∆φ,∆η) =
Csame(∆φ,∆η)
α× Cmixed(∆φ,∆η) , (7)
where Csame denotes the correlation function cal-
culated with pairs from the same event and Cmixed
is calculated for particles from different events, fol-
lowing the ‘mixed event’ technique. This technique
corrects for limited pair acceptance, and is often
used by experiments. It is used here in order to re-
peat the analysis in the same way as an experiment
would perform it. Events are only mixed if they
differ in centrality by no more than 2% and Cmixed
is populated using at least 500 unrelated events for
each single event being processed. The normaliza-
tion factor α is chosen such that Cmixed(∆φ,∆η) is
unity at ∆η = 0, indicating that particles having
the same η value will always be accepted by the
|η| < 2.5 acceptance cut and be paired success-
fully. Furthermore, uncorrelated background in C
is calculated using the mixed event technique as
well, though for that case events are mixed after
rotating them such that their event planes (EPs),
defined as the plane constructed out of the beam
axis and the vector connecting the two nuclei cen-
ters in the transverse plane, are aligned. The back-
ground to be subtracted from C(∆φ,∆η) is then
calculated using
Cbg(∆φ,∆η) =
β × Caligned EPmixed (∆φ,∆η)
α× Cmixed(∆φ,∆η) , (8)
where α and Cmixed are the same as in Eq. (9),
Caligned EPmixed is the mixed-event correlation function
calculated with aligned EPs and β is a normal-
ization factor to account for imperfections in the
mixed-event background estimate. The factor β is
calculated by matching the particle yield of Cbg
to that of Cfull in the near-side region but away
from the peak, sampled in 1.0 < |∆η| < 4.0 and
|∆φ| < pi/2. The final, background-subtracted
correlation function is then defined simply as:
C(∆φ,∆η) = Cfull(∆φ,∆η)− Cbg(∆φ,∆η) (9)
This subtraction method is perfectly suited to re-
move elliptic-flow-like correlations, which are in
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Figure 8. Two-particle correlation in ∆φ using 6.0 <
ptrigger⊥ (GeV/c) < 8.0 and 4.0 < p
assoc
⊥ (GeV/c) < 6.0
in three selected event classes in Pb-Pb at
√
sNN =
2.76 TeV in PYTHIA/Angantyr+UrQMD with and with-
out hadronic interactions.
fact present in this model as discussed in the next
section, and any imperfections and higher-order
corrections have been tested to be negligible in the
momentum ranges considered in this study.
This procedure was repeated for all centralities
analysed before and the results of the projection of
C(∆φ,∆η) onto ∆φ are shown in Fig. 8 in a few
selected centrality classes. A small, but still sig-
nificant, suppression of the away-side jet structure
can be observed when hadronic interactions are en-
abled, while the near-side yields are only minimally
affected even in central events and match those ob-
served in peripheral collisions. This is an indica-
tion that the hadronic interactions are such that
an outgoing trigger particle is likely to be closer to
the edge of the heavy-ion collision, in which case
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Figure 9. Jet yield modification for the away- and near-
side jets as a function of centrality in Pb-Pb at
√
sNN =
2.76 TeV in PYTHIA/Angantyr+UrQMD with and with-
out hadronic interactions.
the corresponding away-side jet structure will un-
dergo significant interaction with the remainder of
the system.
This observation is qualitatively reminiscent of
measurements performed at RHIC by STAR in
which dijets were studied using 2PC and the away
side was completely suppressed in central collisions
[6, 7]. In that case, the explanation of this phe-
nomenon was also related to the outgoing trigger
particle being away from the center of the collision,
but the suppression of the away side was seen as
a consequence of partonic rather than hadronic in-
teractions. However, it is worth noting that though
qualitatively consistent, the overall magnitude of
the effect observed in our model is smaller than
the one required to achieve a full suppression of
the away side.
To quantify the magnitude of the yield loss in
the away side as a function of centrality, we inte-
grate the background-subtracted correlation func-
tion C(∆φ,∆η) in the near side, −pi/2 < ∆φ <
+pi/2, and in the away side, +pi/2 < ∆φ < +3pi/2,
with and without hadronic interactions and then
plot the ratio of these two configurations in Fig. 9.
While the near-side jet yield is independent of cen-
trality, the away-side yield is progressively sup-
pressed with centrality, reaching a maximum sup-
pression of approximately 30% for 0-5% Pb-Pb
events.
The reason for the observed dynamics can be
further explored by calculating the average num-
ber of hadronic collisions 〈Nhadroniccoll 〉 as a function
of ∆φ, as seen in Fig. 10. It is revealed that the
〈Nhadroniccoll 〉 is significantly smaller around ∆φ ≈ 0,
indicating that the triggered near-side jet leaves
the collision without any interaction. This is not
the case in the away-side region ∆φ ≈ pi, suggest-
ing that away-side particles are likely to be lost
while traversing the hadronic medium in our sim-
ulations.
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C. Elliptic flow coefficients
Another way of characterizing heavy-ion colli-
sions is the study of elliptic flow. In traditional
hybrid models, elliptic flow arises because of a con-
version of geometric anisotropy to a momentum
space anisotropy that takes place mostly in a par-
tonic phase. It is usually quantified by the elliptic
flow coefficient v2, which can be calculated using
two-particle cumulants [54, 55] and has been mea-
sured extensively by experiments such as ALICE
and CMS. When calculated with particle pairs in
the same rapidity window, the v2 obtained with cu-
mulants is denoted v2{2} and is affected by dijet
correlations.
In PYTHIA/Angantyr, particles are produced
incoherently and without any correlation to the
event plane, hence no elliptic flow is expected.
However, non-flow effects such as correlations of
decays, momentum conservation and jets will still
produce a measurable v2{2}, as seen in Fig. 11.
When applying an eta gap selection in the v2{2}
calculation, we have observed a considerable reduc-
tion of v2{2}. Detailed studies of v2 with our model
will be shown in the near future. When coupled
to UrQMD, the coordinate space anisotropy does
get converted into a momentum anisotropy via
hadronic interactions at low p⊥, even if this effect is
not sufficient to reproduce the measured v2{2}, as
seen in Fig. 11. Further testing has revealed that
the elliptic flow generated in the hadronic phase
is actually correlated with the event plane as ex-
pected in heavy-ion collision phenomenology, with
a larger particle yield in the in-plane direction as
opposed to the out-of-plane direction. This obser-
vation is consistent with previous work in which
hadronic interactions were observed to lead to a
momentum anisotropy in the final state [56].
At high p⊥, where non-flow contributions dom-
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Figure 11. Elliptic flow coefficient v2 as a function of
p⊥ in mid-central and central collisions in Pb-Pb at√
sNN = 2.76 TeV in PYTHIA/Angantyr+UrQMD with
and without hadronic interactions compared to data
from the CMS experiment [8].
inate, the v2{2} obtained with hadronic inter-
actions is significantly lower than the one ob-
served without interactions. This is because
dijet correlations are suppressed, as seen in
Fig. 8, such that the behavior observed in
PYTHIA/Angantyr+UrQMD simulations is more
similar to measurements from the CMS collabo-
ration, at least qualitatively. The reduction of
the v2{2} is most pronounced in the 50-60% event
class, as shown in Fig. 11, as opposed to in the 0-
5% class. This observation is due to the fact that
in central events, non-flow correlations are so nu-
merous that they are already sufficiently diluted
by two-particle combinatorics.
III. CONCLUSION
In this work, we have discussed three basic
aspects of an improved baseline for heavy-ion
collisions: the nuclear modification factor, two-
particle correlations and elliptic flow. The fact
that the nuclear modification factor calculated us-
ing PYTHIA/Angantyr+UrQMD simulations follows
the qualitative trend of the measured RAA at in-
termediate p⊥ once hadronic interactions are con-
sidered is an intriguing observation in itself. As
explained in the introduction, values for RAA be-
low unity are generally taken as a clear indication
of QGP formation, and models incorporating QGP
formation are, as a general rule, needed to describe
the data. In PYTHIA/Angantyr+UrQMD there is no
assumption of a QGP phase, but nevertheless sev-
eral effects contribute to the description of RAA.
The high-p⊥ part of the spectra generated by
PYTHIA/Angantyr deviates from the simple bi-
9nary scaling which is normally expected [14],
as seen also in the fact that the RAA is con-
stant but below unity for high p⊥ even with-
out hadronic interactions. As previously ex-
plained, PYTHIA/Angantyr makes a distinction be-
tween various types of nucleon–nucleon interac-
tions, which will contribute differently to high-p⊥
particle yields, and as a result the high-p⊥ RAA
does not converge to unity even if hadronic inter-
actions are disabled. This effect is responsible for
the majority of the deviation from unity, as seen
in Fig. 7. There are, however, model uncertain-
ties associated with this effect. While the treat-
ment of secondary absorptive sub-collisions simi-
lar to diffractive excitations can be theoretically
and numerically motivated [28], it is, as mentioned
earlier, not clear that it will exactly reproduce
the phenomenology of an interleaved shower plus
color reconnection. An obvious next step would be
to study the (absence of) nuclear modification in
p-Pb collisions within PYTHIA/Angantyr+UrQMD.
However, in that case, model uncertainties are
much larger than in AA collisions. It was shown
in ref. [28] that secondary collisions contribute
between 25-40% in Pb-Pb collisions at
√
sNN =
2.76 TeV, while for p-Pb collisions at
√
sNN =
5.02 TeV they contribute between 50-85%.
An equally important conclusion from this work
is the influence from the hadronic rescattering
phase on RAA. Since strings have an average
life-time 〈τ2〉 ≈ 2 fm/c, the hadronic phase is
longer, and with a more dense initial condition,
than for hydrodynamic simulations where a QGP
phase lives for up to an order of magnitude longer.
We have shown that a hadronic rescattering phase
with such an early starting time modifies RAA up
to a factor 3 for intermediate p⊥ particles in cen-
tral Pb-Pb events. From this model, we can in-
terpret that at intermediate p⊥, hadronic inter-
actions lead to a suppression of particle yields as
hadrons lose significant momentum to more abun-
dant low-p⊥ particles. However, this effect sub-
sides for very large transverse momentum, such
that the RAA will eventually converge to the value
without hadronic interactions. This is because, in
the hadron vertex model, higher-p⊥ values corre-
late with more displaced hadron creation vertices
due to the linear relationship between space-time
and momentum in Eq. (6), visible also in Fig. 3.
Since higher-p⊥ particles are then increasingly dis-
placed, these are less likely to interact with the re-
mainder of the system. While this effect is smaller
in magnitude than the deviation from binary scal-
ing, it is crucial to recover the minimum of the nu-
clear modification factor at around 5 GeV/c and
the subsequent rise at high momenta. It should
be noted here that the main model uncertainty in
this part lies in the determination of the vertex
position. The relation in Eq. (6) leads directly to
a hadron production point as the average of two
subsequent break-up points. As noted in ref. [47],
this definition is not unique, but could differ from
the average up to ±ph/2κ, where ph is the hadron
four-momentum. Taking this at face value, the un-
certainty of the final value for RAA would be large
enough that the high-p⊥ rise is not visible within
uncertainties.
It has to be noted that the intermediate to high-
p⊥ suppression studied in this paper is fundamen-
tally different than the one that would result from
models such as JETSCAPE or JEWEL. In the lat-
ter, jet quenching is a phenomenon associated to
partonic energy loss, which would lead to the sup-
pression of an entire high-momentum jet, while in
the former, individual hadrons lose momentum af-
ter hadronization. Experimentally, these two sce-
narios can be distinguished using techniques such
as two-particle correlations and dijet asymmetry
measurements. It is with this motivation that we
pursued the studies shown in Fig. 8, which indi-
cate that the high-momentum particle suppression
from hadronic rescattering follows, in fact, again
the same qualitative trend as what was observed
by the STAR collaboration at RHIC [6, 7], with the
near-side jet being mostly unaltered and the away-
side jet being suppressed due to a larger number
of interactions with the hadronic medium. These
findings are complementary to recent studies on
the effect of hadronic rescattering on jet shapes
[57] which also indicate that the hadronic phase
does have significant impact on high-p⊥ physics
observables.
To further elaborate on the loss of dijet struc-
tures at high p⊥, we also calculated the p⊥-
differential v2{2} with and without interactions
and compared the results to measurements by the
CMS collaboration. While the predictions with-
out rescattering overshoot the CMS measurements
very significantly, the addition of hadronic inter-
actions reduces the v2{2} very significantly, bring-
ing it closer to CMS data even if the overall mag-
nitude of the v2{2} is underpredicted. A more
comprehensive study of flow coefficients from the
PYTHIA/Angantyr+UrQMD model suggests itself as
the next step of this work, but lies beyond the
scope of this particular manuscript. Another topic
of interest that may be pursued in the future is
the evolution of identified particle ratios with cen-
trality, in which case inelastic scatterings in the
hadronic phase may have a significant impact in
high-multiplicity heavy-ion collisions.
We also take this opportunity to highlight fur-
ther work done to include hadronic rescattering
in pp collisions even within the PYTHIA gener-
ator itself [58]. A natural extension of these stud-
ies would be to use the same machinery in Pb-Pb
collisions, which might provide several advantages
over UrQMD- for instance, with the possibility of
treating also charmed hadrons during the hadronic
phase.
The findings of this paper prompt present and
future experimental studies to put more emphasis
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in the construction of baseline, no-QGP models, as
a certain fraction of the observations normally ex-
clusively associated with the QGP may have its
origin elsewhere. Phrased differently, this work
conclusively demonstrates that comparing exper-
imental data with an incoherent superposition of
proton-proton collisions is not a valid exercise to
fully isolate QGP-specific equilibration signatures.
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